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For noninteracting Weyl semimetals (WSMs), Fermi-arc surface states can arise when there exist
gapless Weyl nodes in the bulk single-particle spectrum. However, in the presence of electronic
correlations, it is not clear whether this bulk-boundary correspondence still holds or not. Recently,
novel correlated phases are predicted to appear in WSMs with long-ranged interactions, in which
the bulk Weyl nodes can be gapped but without destroying their topological properties. Here, we
explore the fate of the Fermi-arc states under the influence of such long-ranged interactions. After
mapping the system onto a one-dimensional interacting Su-Schrieffer-Heeger (SSH) model with two
open ends, we employ numerical exact diagonalizations to address the issue whether the Fermi-arc
states will be modified. By extrapolating our data to the thermodynamic limit, we find that the
zero-energy edge states of the corresponding SSH model still exist for those momenta giving the
noninteracting Fermi-arc states. Moreover, this observation applies to both the single-particle and
the collective edge excitations. Since the locus of these edge states constitutes the Fermi arcs,
the robustness of the Fermi-arc states against long-ranged interactions is thus demonstrated. In
particular, the Fermi arcs of single-particle nature can survive even when the single-particle gaps
at the Weyl nodes are opened by interactions. Our results illustrate the subtlety in identifying
the topological phases of interacting WSMs and show the limitation of the approaches simply by
examining the nodal structure of the single-particle spectrum.
I. INTRODUCTION
There is ongoing interest in understanding the effects
of electronic correlations on topological quantum states
owing to the promise of uncovering new phenomena in
condensed matter [1–4]. Among such topological phases
of matter, Weyl semimetals (WSMs) represent an non-
trivial class as they broaden the topological classification
of matter beyond the insulators [5–8]. In the absence
of interaction, the bulk system of WSMs hosts gapless
band-touching points, called Weyl nodes. Each of these
nodal points acts as a monopole of the Berry curvature
in the momentum space with a definite Chern number,
which is proportional to the quantized Berry flux around
the node. Another key signature of WSMs is the pres-
ence of Fermi arcs that connect pairs of projected Weyl
nodes with opposite Chern numbers in the surface Bril-
louin zone [9]. Actually, as a consequence of the bulk-
boundary correspondence, the existence of the surface
Fermi arcs is guaranteed by the nontrivial topology of
the Berry curvature carried by the bulk Weyl nodes. The
fascinating physics in WSMs has been understood well at
the level of noninteracting description. Thereafter, one
of the subjects that need to be further explored is the
correlation effects on WSMs.
The robustness of the above features of WSMs against
electronic correlations is being actively pursued [10–21].
Based on perturbative approaches, weak short-range in-
teractions was shown to provide merely band renormal-
ization and WSMs are thus stable [10–13]. Nevertheless,
∗Electronic address: mfyang@thu.edu.tw
transitions to insulating states can be induced by suffi-
ciently strong interactions [11, 14, 15]. Within the non-
perturbative mean-field theories, it was found that, in the
presence of either the spin density wave [16] or the Fulde-
Ferrell-Larkin-Ovchinnikov superconducting [17] insta-
bility, the bulk Weyl nodes can be gapped out, while
the Fermi arcs keep unchanged. This is achieved by pair
annihilation of Weyl nodes coming from the backfolding
of the Brillouin zone caused by ordering. Therefore, con-
trary to the noninteracting case, the emergence of the
surface Fermi arcs needs not be associated with the exis-
tence of the gapless Weyl nodes.
Nevertheless, the validity of usual approximations for
exploring the strongly correlated phases is not so clear.
Thus it is worthwhile to study exactly solvable models
for searching possible novel physics in the strongly cor-
related regime. Recently, exactly solvable models of in-
teracting WSMs have been investigated in Refs. [18, 19],
where the two-body interactions are chosen to be local
in momentum space and then of infinite range in real
space. The advantage of such models is that different
momentum states are decoupled and they thus can be
solved exactly through diagonalization for each momen-
tum state. Distinct from the mechanism discussed in
Refs. [16, 17], it was shown that the Weyl nodes in these
models can be gapped out by interactions but without
the pair annihilation. Notably, the topological proper-
ties of noninteracting WSMs are kept unchanged: these
gapped Weyl nodes still carry nonzero Chern numbers
with their noninteracting values, and the Fermi arcs on
the surfaces persist against the correlation effects [18].
This novel phase behaves as a topological Mott insulator
and is dubbed as the Weyl Mott insulator.
We note that, contrary to their bulk behaviors, the
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2surface properties (say, the Fermi arcs) of these solvable
models can not be derived analytically. It is because
the translational symmetry is broken in the presence
of boundaries and the momenta are not good numbers
any more. Usually, the Fermi arc states of the interact-
ing WSMs are calculated by considering an equivalent
single-particle Hamiltonian Ht (i.e., the so-called “topo-
logical Hamiltonian” [22, 23]) under open boundary con-
ditions [18, 21]. However, as pointed out in the context
of topological insulators, the eigenstates of Ht have no
direct physical meaning [24, 25]. Therefore, the Fermi-
arc states derived from Ht may not be real. In order to
provide soild supports on the existence of the Fermi arcs
in interacting WSMs, approaches other than that using
Ht are thus necessary.
Moreover, as mentioned in Ref. [26], the surface
Fermi-arc states directly implied by quantized Hall con-
ductances (i.e., quantized Chern numbers) consist of
bosonic charge-neutral particle-hole excitations, rather
than those of single-particle nature. This conclusion is
drawn from the theory of quantum Hall edge states [27–
29], since each two-dimensional (2D) momentum sector
between a pair of Weyl nodes can be viewed as a quan-
tum anomalous Hall insulator. That is, the topologically
induced Fermi-arc states are the collective edge excita-
tions, whose appearance cannot in general be implied by
solving the effective single-particle Hamiltonian Ht.
In this paper, we revisit the issue of the correlation
effects on surface Fermi-arc states of WSMs with long-
ranged two-body interactions introduced in Refs. [18, 19].
In the noninteracting setting, a single pair of gapless
Weyl nodes separated by a distance along the kz di-
rection in the momentum space is assumed. In order
to construct the Fermi-arc states, we consider a finite-
slab geometry with open boundary conditions in the x
direction, but keeping translational symmetry along the
other two transverse directions. The transverse momenta
k⊥ ≡ (ky, kz) thus remain good quantum numbers. Uti-
lizing the fact that different momentum states are decou-
pled in the present case, we can solve our system once for
a given k⊥. As a consequence, our problem reduces to
a one-dimensional (1D) interacting Su-Schrieffer-Heeger
model [30] in the x direction with two open ends.
By means of exact diagonalization, we search for
the edge modes within both the single-particle and the
particle-hole subspaces of the Hilbert space. The single-
particle edge modes are identified by calculating the en-
ergy and the density distribution of the quasi-particle
added or removed from the corresponding 1D system at
half-filling. Interestingly, we find that the zero-energy
edge modes of single-particle excitations still appear in
the spectrum, even though the long-ranged interactions
induce single-particle gaps at the nodes. Besides, these
edge modes occur at the same positions on the surface
Brillouin zone as those for the noninteracting Fermi arcs.
Actually, there exist tiny single-particle excitation gaps
for finite systems. However, their values reduce to zero
after extrapolating to the thermodynamic limit. Because
the single-particle Fermi arcs are constituted by the col-
lection of such zero-energy edge states, our findings pro-
vide direct evidences on their robustness against long-
ranged interactions.
On the other hand, the collective edge modes can be
recognized by evaluating the energy and the density dis-
tribution of the particle-hole excitations with ∆k⊥ = 0.
As mentioned above, the zero-energy edge modes among
these particle-hole excitations represent the quantum
Hall edge states implied by the quantized Hall conduc-
tances. Our data show that, the same as those single-
particle surface states, the collective Fermi-arc states of
particle-hole nature persist to exist as well even in the
presence of long-ranged interactions. The extent of these
zero-energy collective modes on the surface Brillouin zone
is in agreement with the calculated results of the bulk
Hall conductances [18]. That is, collective edge states
will show up for those kz’s such that the bulk Hall con-
ductances (i.e., Chern numbers) keep quantized. Our
findings thus indicate that the stability of the collec-
tive Fermi-arc surface states originates from the nontriv-
ial topology encoded in the particle-hole subspace, no
matter whether the single-particle gaps at the nodes are
opened or not.
This paper is organized as follows. Our model Hamil-
tonian is introduced in Sec. II and some of its bulk prop-
erties are summarized. In the second part of this sec-
tion, the 1D interacting Su-Schrieffer-Heeger model for
the study of surface Fermi arcs is derived. Our numerical
results are presented in Sec. III. They provide clear evi-
dences for the robustness of the Fermi arcs against long-
ranged interactions. We summarize our work in Sec. IV.
II. MODEL HAMILTONIAN
For simplicity, we consider a typical two-band lattice
model of WSMs [see Eq. (1)], which host a single pair of
Weyl nodes located at momenta k = (0, 0, ±kWeyl) in the
noninteracting setting. For a fixed kz with |kz| < kWeyl,
the 2D slice of the Brillouin zone carries a nonzero Chern
number C = 1 and shows the quantized anomalous Hall
effect, while C = 0 otherwise. The region between nodes
can thus be viewed as a stack of 2D Chern insulators. If
we consider a finite geometry along the direction perpen-
dicular to the z axis, there appear chiral edge states near
the Fermi energy on the boundaries of these 2D Chern
insulators. The collection or locus of such edge states
constitutes the Fermi arcs, which terminate at the pro-
jection of the bulk Weyl nodes onto the surface Brillouin
zone [9].
Following Refs. [18, 19], we explore the influence of
the momentum-local two-body interactions on the sur-
face Fermi arcs of such a two-band model of WSMs. Let’s
begin with the description of our system and a summary
on some of its bulk properties.
3A. Bulk excitation energies
Our model Hamiltonian under periodic boundary con-
ditions is given by
H = H0 +HU , (1)
H0 =
∑
k
∑
α,β
c†kα[h(k) · σ]αβckβ , (2)
HU =
U
2
∑
k
(nk↑ + nk↓ − 1)2
= U
∑
k
nk↑nk↓ − U
2
∑
k
(nk↑ + nk↓ − 1) . (3)
Here σ is the vector of three Pauli matrices denoting a
(pseudo-)spin-1/2 operator, c†kα represents the creation
operator for electrons of (pseudo-)spin α = ↑ or ↓, and
nkα = c
†
kαckα. The first part H0 describes a noninter-
acting two-band model of a WSM. To be specific, we
take h(k) = (M − cos kx − cos ky − cos kz, sin kx, sin ky)
with 1 < M < 3 [31]. In such a case, only a single pair
of Weyl nodes appears at momenta k = (0, 0, ±kWeyl)
with kWeyl = arccos(M − 2). The second term HU gives
a Hubbard-like interaction but being local in momentum
space, rather than in real space.
Because different momentum states are decoupled,
the bulk properties of this interacting model can
be derived exactly through diagonalizing the Hamil-
tonian in the number representation for each mo-
mentum k. The four eigenstates for each k are
{|0〉, b†k−|0〉, b†k+|0〉, b†k−b†k+|0〉} with the correspond-
ing eigenvalues {U/2, −h(k), h(k), U/2}. Here b†k+ and
b†k− denote the eigenmodes of the noninteracting Hamil-
tonian H0, |0〉 is the vacuum state, and h(k) = |h(k)|.
Therefore, the many-body ground state for positive U at
zero temperature and half-filling becomes the state with
a completely-filled lower band, |Ψ0〉 =
∏
k b
†
k−|0〉. The
single-particle/hole excitations, b†k+|Ψ0〉 and bk−|Ψ0〉,
have nonzero excitation energies ∆E1p/1h = h(k) + U/2
even at the Weyl nodes such that h(k) = 0. The
system thus behaves as a Mott insulator with a full
gap. However, we note that the excitation energies
of the bosonic charge-neutral particle-hole excitations,
b†k+bk−|Ψ0〉, keep their noninteracting values ∆Eph =
2h(k), which become zero at the Weyl nodes. That is,
while the single-particle/hole excitations are always gap-
ful, this interacting WSM retains its gapless Weyl nodes
from the viewpoint of particle-hole excitations.
B. One-dimensional model for the study of surface
Fermi arcs
In order to construct the Fermi arc surface states, we
need to consider a finite-slab geometry with open bound-
aries. To this end, we first transform Eq. (1) into its
real-space form and then impose the open boundary con-
ditions. Here we take a finite size of L sites in the x
direction. By employing Fourier transform in the x di-
rection, c˜jk⊥α = (1/
√
L)
∑
kx
eikxjckα , the Hamiltonian
for a given transverse momentum k⊥ ≡ (ky, kz) reduces
to a 1D tight-binding form, where j = 1, . . . , L labels
the sites in the x direction. After imposing the the open
boundary conditions by dropping off the boundary hop-
ping terms, the resulting 1D model with two open ends
becomes
H(k⊥) = H0(k⊥) +HU (k⊥) (4)
with
H0(k⊥) =−
L−1∑
i=1
(
c˜†i↑c˜i+1↓ + h.c.
)
+ tk⊥
L∑
i=1
(
c˜†i↑c˜i↓ + h.c.
)
+ hk⊥
L∑
i=1
(
c˜†i↑c˜i↑ − c˜†i↓c˜i↓
)
(5)
and
HU (k⊥) =U
L
L−1∑
d=1
L−d∑
i=1
L∑
j=d+1
[
c˜†i+d↑c˜i↑c˜
†
j−d↓c˜j↓ + (↑↔↓)
]
+
U
L
L∑
i,j=1
n˜i↑n˜j↓ − U
2
L∑
i=1
(n˜i↑ + n˜i↓ − 1) .
(6)
Here the labels of the transverse momentum k⊥ in the
fermion operators is suppressed for simplification and
n˜iα = c˜
†
iαc˜iα. The two parameters in Eq. (5) are given by
tk⊥ = M−cos ky−cos kz and hk⊥ = sin ky. We note that
the non-interacting part H0(k⊥) is equivalent to the Su-
Schrieffer-Heeger model [30] with an alternating on-site
potential. The first term of HU (k⊥) describes the corre-
lated hopping for up and down (pseudo-)spins with the
same distances d but in opposite directions. The second
term in Eq. (6) comes from the zero-distance d = 0 hop-
ping, which reduces to the density-density interactions
between different spin components.
While the model in Eq. (1) under periodic boundary
conditions can be solved analytically, the corresponding
one under open boundary conditions cannot. In this
paper, numerically exact diagonalization is employed to
search possible edge states at zero energy for the corre-
sponding 1D models in Eq. (4). The collection of such
zero-energy edge states constitutes the surface Fermi arcs
of our interacting WSM.
III. RESULTS
In the present calculations, we set M = 2 such that
kWeyl = pi/2. The system sizes under consideration are
up to L = 16. In the following, we focus on the U = 2
case. The results for other U ’s are qualitatively the same.
4Due to the conservation of total particle number, sub-
spaces of the Hilbert space with different particle num-
bers are decoupled. One can thus diagonalize H(k⊥) for
each subspace with a fixed number N of electrons. The
largest subspace takes place at half-filling N = L and its
dimension is about 6× 108 for L = 16.
A. Single-particle Fermi arcs
To show the existence of the single-particle edge states
lying between two bulk bands, the quasi-particle and the
quasi-hole energies, defined by + ≡ E0(N = L + 1) −
E0(N = L) and − ≡ E0(N = L) − E0(N = L − 1), are
calculated. Here E0(N) denotes the ground energy of the
1D model in Eq. (4) with N electrons. The appearance
of the in-gap edge states can be recognized when + and
− deviate from their bulk values,
bulk± = ±min
kx
{∆E1p/1h}
= ±
[√
sin2 ky + (1− cos ky − cos kz)2 + U/2
]
,
for the present case of M = 2.
Before presenting our numerical results, some symme-
try properties of our 1D lattice model H(k⊥) in Eq. (4)
are discussed in order. First, H(k⊥) is invariant un-
der the parity transformation P: c˜iα → c˜L−i+1,−α in
combination with ky → −ky. The energy spectrum will
thus be symmetric with respect to the ky = 0 axis. Sec-
ond, H(k⊥) is invariant under the operation combining
the parity transformation P with the particle-hole trans-
formation: c˜†i↑ ↔ c˜i↑ and c˜†i↓ ↔ −c˜i↓. Therefore, the
quasi-particle and the quasi-hole excitation energies, +
and |−|, above the ground-state energy will be the same.
That is, the energy spectrum will become symmetric with
respect to  = 0.
In Fig. 1, + and − as functions of ky for kz = pi/4
and 3pi/4 are displayed for the case of U = 2. For com-
parison, the results for the noninteracting (U = 0) case
are shown as well. It is clear that our findings do respect
the symmetries mentioned above. The U = 0 results can
be derived analytically. When |kz| < kWeyl, the effec-
tive 2D system at a fixed kz acts as a Chern insulator
with a Chern number C = 1 and thus supports a pair
of chiral edge modes. The edge modes emerge around
ky = 0 with the dispersions  = ± sin ky. On the other
hand, when kWeyl < |kz| < pi, the effective 2D system be-
haves as a C = 0 trivial insulator, in which there exists
no edge state and the quasi-particle/quasi-hole energies
must equal to their bulk values. As seen from Fig. 1, our
numerical data for the U = 0 case fairly reproduce the
analytic predictions.
After turning on the interaction U , the conclusions
are qualitatively unchanged. The calculated quasi-
particle/quasi-hole energies for kz = 3pi/4 > kWeyl agree
well with their bulk values bulk± and thus no edge state
appears. Interestingly, when kz = pi/4 < kWeyl, the edge
FIG. 1: Quasi-particle and quasi-hole energies, + and −, at
two different U ’s as functions of ky for kz = pi/4(< kWeyl) and
3pi/4(> kWeyl). Here the system size L = 16 and kWeyl = pi/2
for M = 2. The upper panels show the U = 0 cases, while the
lower ones give those for U = 2. Black open triangles repre-
sent + and black open circles show −. The green lines denote
the corresponding bulk values bulk± . The shadow regions in-
dicate the quasi-particle/hole bands bounded by bulk± . For
U = 0 case with kz = pi/4, the red (blue) line shows the dis-
persion relation of the noninteracting edge states,  = sin ky
( = − sin ky), for |ky| ≤ 0.4pi.
modes around ky = 0 are not destroyed by interactions.
Nevertheless, the correlation effect makes the slopes of
their dispersions around ky = 0 being steeper. This is
consistent with the enhanced bulk gap due to electronic
correlations. We note that the calculated single-particle
gap ∆1 defined by the minimal value of the energy dif-
ference + − − can have a tiny nonzero value due to
finite-size effects. As shown below (Fig. 3), this value ap-
proaches zero in the thermodynamic limit, and then the
zero-energy edge modes indeed show up in the spectrum.
Therefore, our findings clearly demonstrate the robust-
ness of zero-energy single-particle edge modes against the
long-ranged interaction U .
To further identify the in-gap states around ky = 0
for kz = pi/4 as edge modes, we need to show that the
densities of these quasi-particle/quasi-hole states do dis-
tribute near the edges only. The density profile of one
electron added is defined as δn+i = 〈n˜i〉N=L+1−〈n˜i〉N=L
and that of an extra hole is δn−i = 〈n˜i〉N=L−〈n˜i〉N=L−1.
Here n˜i =
∑
α c˜
†
iαc˜iα is the total electron number opera-
tor on site i and 〈n˜i〉N denotes its expectation value with
respect to the ground state with N electrons. The values
of δn+i and δn
−
i describe how an added particle or hole
distributes itself in the system.
Our findings of δn+i and δn
−
i at U = 2 for the states
with a typical value of ky around ky = 0 are shown in
Fig. 2 for both the cases of kz = pi/4 and 3pi/4. Again,
the data for the U = 0 case are displayed as well for com-
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FIG. 2: Density profiles δn±i at two different U ’s of an extra
particle or hole for the states with ky = 0.05pi for both the
cases of kz = pi/4 and 3pi/4. Here L = 16. The upper panels
show the U = 0 cases, while the lower ones gives those for
U = 2.
parison. When kz = 3pi/4 > kWeyl, no matter whether
the interaction U is present or not, the extra particle/hole
always distributes itself in the center of the lattice sys-
tem. It shows that these quasi-particle/quasi-hole states
indeed describe the bulk states, in support of the energy
perspective discussed above. For kz =
pi
4 < kWeyl, we
find that the added particle/hole locates on one or the
other edge even in the presence of the long-ranged inter-
action U . Moreover, the density profiles for the U = 2
case modify little as compared to the noninteracting case.
Therefore, the in-gap states for kz = pi/4 do behave as
edge modes and they are stable against electronic corre-
lations.
The Fermi arc is constituted by the collection or lo-
cus of the zero-energy edge states. In the noninteracting
limit, this line segment ends at the projection of the bulk
Weyl nodes onto the surface Brillouin zone. It has been
shown in Fig. 1 that, for a specific kz = pi/4, the zero-
energy edge modes, indicated by vanishing single-particle
gap ∆1, persist upon the interaction effect. We now ex-
tend such discussions to other kz’s and determine the
whole Fermi arc for the present interacting model.
In Fig. 3, the single-particle gaps ∆1 for all kz’s within
the Brillouin zone are displayed for the case of U = 2.
For comparison, the results for the noninteracting (U =
0) case are shown as well. As illustrated in Fig. 1, the
possible zero-energy modes always occur at ky = 0. We
thus fix ky = 0 in our calculations of ∆1. Besides, M = 2
is assumed such that kWeyl = pi/2. The U = 0 results
can be derived analytically. When |kz| < pi/2, ∆1 = 0
because of the appearance of a pair of degenerate chiral
edge mode at ky = 0 [cf. Fig. 1(a)]. On the other hand,
when pi/2 < |kz| ≤ pi, there exists no edge mode and the
quasi-particle/quasi-hole energies agree well with their
bulk values bulk± such that ∆1 = 2
[
bulk+
]
ky=0
, which
reduces to ∆1 = 2| cos kz| for the present case of M = 2.
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FIG. 3: Size dependence of the single-particle gap ∆1 = +−
− as functions of kz for (a) U = 0 and (c) U = 2. The
extrapolation of ∆1 to the thermodynamic limit for kz =
0.6pi, 0.55pi, 0.5pi, 0.45pi, and 0.4pi from top to bottom are
shown in (b) and (d), respectively. Here we take M = 2 (thus
kWeyl = pi/2) and ky = 0. We fit the data in (b) and (d) with
a quadratic function f(L) = a0 + a1(1/L) + a2(1/L)
2, except
those of |kz| < pi/2 in (b), in which the exponential function
f(L) = a exp(−bL) is employed.
That is, the Fermi arc at U = 0 extends from kz = −pi/2
to pi/2. As seen from Fig. 3, our data agree with the
analytic predictions, while visible deviation due to finite-
size effects is observed around kz = ±pi/2. Nevertheless,
after extrapolating to the thermodynamic limit with L→
∞, the agreement becomes excellent.
When the long-ranged interaction U is turned on,
for pi/2 < |kz| ≤ pi, the calculated ∆1 again agrees
well with the analytic prediction ∆1 = 2
[
bulk+
]
ky=0
=
2| cos kz| + U . However, for |kz| ≤ pi/2, enhanced finite-
size effects are observed in our calculations [32]. While
∆1 is found to be always nonzero up to our maximum
size L = 16, its extrapolated values for |kz| ≤ 0.4pi does
reduce to zero. We note that the edge states are expected
to be more and more delocalized when kz approaches the
Weyl nodes at kz = ±pi/2. Therefore, severe finite-size
effects exist around the Weyl nodes and calculations for
much larger sizes are necessary to reduce such effects.
Nevertheless, our findings strongly suggest that the Fermi
arcs for nonzero U have the same extent as those in the
noninteracting case. We thus conclude that, except the
renormalized dispersions, the single-particle Fermi arcs
receive no modification by the long-ranged interaction.
It appears that our conclusion disagrees with that ob-
tained in Ref. [19], where a gap opening in the single-
particle Fermi-arc states is observed for a slightly dif-
ferent model. Actually, after a necessary correction to
their model Hamiltonian, gapless single-particle Fermi
arcs will be recovered. That is, the same conclusion
6can be reached even when other long-ranged interactions
different from the present model are taken. Instead of
Eq. (6), the authors in Ref. [19] consider the following
interaction term to simplify their calculations,
H˜U (k⊥) = U(kz)
2
[
L∑
i=1
(n˜i↑ + n˜i↓ − 1)
]2
. (7)
Because this long-ranged density-density interaction de-
pends only on the total particle number N˜ =
∑L
i=1(n˜i↑+
n˜i↓), it is clear that both the quasi-particle and the
quasi-hole energies, + and −, will be pushed away from
the Fermi level by U(kz)/2 for those kz’s with nonzero
U(kz)’s. This gives a gap opening of U(kz) for the nonin-
teracting Fermi-arc states. However, the form in Eq. (7)
is improper physically. For many-body states with a fixed
particle density N˜/L = 1±δρ, where δρ denotes the den-
sity deviation from half-filling, this interaction term gives
a contribution in energy density, U(kz)(δρ)
2L/2, which
becomes infinite in the thermodynamic limit, L → ∞.
In order to keep the energy density being an intensive
quantity, a factor 1/L needs to be added in Eq. (7), i.e.,
H˜U → H˜U/L. The single-particle gap thus becomes
U(kz)/L, which vanishes in the thermodynamic limit.
Therefore, the corrected results are actually in agreement
with ours.
B. Collective Fermi arcs of particle-hole nature
While the Weyl nodes are gapped out by the long-
ranged interactions, the Hall conductance (and thus the
Chern number) for each 2D momentum sector between
the nodes remains its quantized value [18]. According
to the theory of quantum Hall edge states [27–29], there
must exist chiral edge modes on the boundaries of these
2D sectors. Notice that, instead of quasiparticle excita-
tions, those edge modes are the capillary waves, whose
dynamics is described by a 1D chiral boson theory. That
is, the Fermi arc states implied by nonzero Chern number
are constituted by the collective edge excitations, rather
than the single-particle ones. Since the topological Chern
number of the bulk system is not affected by the long-
ranged interactions, the collective Fermi arcs of particle-
hole nature are expected to maintain their noninteracting
structures.
To verify this conclusion, we evaluate the particle-
hole excitation energies ∆Eph = E1 − E0 for the cases
of nonzero U ’s. Here E0 (E1) denotes the energy of the
ground state (first-excited state) for the 1D model in
Eq. (4) at half-filling. Because the particle number is
fixed, the excited states should represent the particle-
hole excitations. The appearance of the edge modes can
be recognized once ∆Eph deviates the corresponding bulk
value. From the discussions at the end of Sec. II A, the
lowest excitation energy of the bulk particle-hole excita-
tion at zero momentum transfer for a given set of ky and
FIG. 4: Size dependence of particle-hole excitation energies
∆Eph at U = 2 as functions of ky for (a) kz = pi/4(< kWeyl)
and (b) 3pi/4(> kWeyl). Here we take M = 2 such that
kWeyl = pi/2. The green lines denote the corresponding bulk
values ∆Ebulkph . Panels (c) and (d) show the density profiles
δni of the particle-hole excitations at U = 2 with ky = 0.05pi
for the cases of kz = pi/4 and 3pi/4, respectively. Here the
data for L = 16 are presented. Panel (e) displays the size
dependence of the particle-hole gap ∆ph as functions of kz
for U = 2. The extrapolation of ∆ph to the thermodynamic
limit for kz = 0.6pi, 0.55pi, 0.5pi, 0.45pi, and 0.4pi from top
to bottom is shown in (f). The data in (f) are fitted with
a quadratic function f(L) = a0 + a1(1/L) + a2(1/L)
2, ex-
cept those of |kz| < pi/2, in which the exponential function
f(L) = a exp(−bL) is employed.
kz can be obtained by
∆Ebulkph = min
kx
{2h(k)}
= 2
√
sin2 ky + (1− cos ky − cos kz)2
for the present case of M = 2. This expression is valid no
matter whether U is zero or not. We note that, different
from the cases of bulk± , the bulk value of the particle-
hole excitation energy ∆Ebulkph can approach zero at the
Weyl nodes with ky = 0 and kz = ±pi/2, even when U is
nonzero.
Our results of ∆Eph as functions of ky for kz = pi/4
and 3pi/4 are shown in Figs. 4 (a) and (b) for the U = 2
case. Because of the symmetry in the energy spectrum
mentioned in the last subsection, only the data for 0 ≤
ky < pi are plotted. As illustrated in Fig. 4 (a), we find
that the edge modes do appear around ky = 0 for kz <
7kWeyl even in the presence of long-ranged interactions.
Notably, the calculated energies of bulk excitations for
either kz < kWeyl or kz > kWeyl experience considerable
finite-size effects. Nevertheless, their values agree well
with the analytic predictions after extrapolating to the
thermodynamic limit.
To show the in-gap excited states around ky = 0 for
kz = pi/4 being the edge modes, their density profiles
δni = 〈n˜i〉1 − 〈n˜i〉0 are calculated as well. Here 〈· · · 〉0
and 〈· · · 〉1 denote the expectation values with respect
to the ground state and the first-excited state at half-
filling, respectively. Our result at U = 2 for the state
with kz = pi/4 and a typical value of ky around ky = 0 is
displayed in Fig. 4 (c). For comparison, the counterpart
for the case of kz = 3pi/4 is plotted in Fig. 4 (d). As
illustrated in the figure, the in-gap states around ky = 0
for kz = pi/4 do behave as edge states, in agreement with
the energy perspective. Besides, the disturbed density
shows a nonlocal charge transfer from one end to the
other. That is, this particle-hole excitation implies the
quantized charge pumping via the twisted boundary con-
dition in the y direction with a twist angle φ = 2pi. Such
a charge pumping process is expected, since the 2D sec-
tor at kz = pi/4 behaves as a quantum Hall system with
quantized Hall conductance.
Finally, we determine the extent of the collective Fermi
arcs constituted by the collection of the zero-energy edge
states of particle-hole excitations. Similar to the discus-
sions in Fig. 3, this can be achieved by evaluating the
particle-hole gap ∆ph defined by the minimal value of
∆Eph. Therefore, the locus of the states with ∆ph = 0 in
the surface Brillouin zone gives the collective Fermi arc.
As observed in Figs. 4 (a) and (b), the states with the
smallest ∆Eph always occur at ky = 0. We thus fix ky = 0
in our calculations of ∆ph [33]. Here kWeyl = pi/2 because
M = 2 is assumed. Our findings of ∆ph as functions of kz
for the case of U = 2 are displayed in Fig. 4 (e). Because
∆ph = ∆1 for U = 0, the results of ∆ph for the noninter-
acting case can directly refer to Fig. 3 (a). We find that
the zero-energy edge states of particle-hole excitations
appear when kz lies between two Weyl nodes even in the
presence of long-ranged interactions. As compared to the
single-particle counterparts in Fig. 3 (c), the particle-hole
gaps within |kz| < pi/2 are found to receive less finite-size
effects [32]. As mentioned before, the occurrence of such
collective zero-energy edge states is actually guaranteed
by the nonzero Hall conductances. Our findings provide a
numerical support on this bulk-boundary correspondence
in terms of collective excitations.
IV. CONCLUSIONS AND DISCUSSIONS
In summary, by means of numerical exact diagonaliza-
tions, we provide clear evidences on the existence of the
Fermi-arc surface states even when the bulk Weyl nodes
are gapped out by the long-ranged interactions. That
is, the relationship between the existence of the gapless
Weyl nodes and the surface Fermi arcs needs not hold
in the correlated systems, while it is always true in the
noninteracting cases. The possibility of the appearance
of Fermi arcs in the absence of gapless nodes exhibit the
subtlety in identifying the topological phases of interact-
ing WSMs. For example, the conclusions drawn merely
from the nodal structure of the single-particle spectrum
should be considered with caution.
We note that the Fermi-arc surface states can be de-
fined both in the ∆N = ±1 and the ∆N = 0 subspaces
of the Hilbert space, where ∆N denotes the change in
total particle number. The former is of quasiparticle
nature, while the latter describes the collective particle-
hole excitation. For the model under consideration, both
kinds of the Fermi-arc surface states are found to preserve
their noninteracting structures even in the presence of the
long-ranged interactions.
Due to their topological origin, the robustness of the
collective Fermi-arc surface states against electronic cor-
relations is actually expected. It is shown that the
bulk Hall conductance (and the Chern number) of each
2D momentum sector still keep its noninteracting value
even though the long-ranged interactions produce single-
particle gaps at the Weyl nodes [18]. According to the
bulk-boundary correspondence given by the theory of
quantum Hall edge states [27–29], the collective chiral
edge states and then the constituted Fermi arcs are guar-
anteed to appear on the boundaries.
On the other hand, the existence of the single-particle
Fermi-arc states established by our numerical calcula-
tions may be somehow surprising. The appearance of
such single-particle states cannot be directly inferred
from the results of Hall conductance. This statement
is based on the fact that the Hall conductance describes
the current-current correlator and thus contains only the
information of the particle-hole subspace, rather than the
quasiparticle one. While the presence of single-particle
Fermi arcs was suggested by solving the effective single-
particle Hamiltonian Ht [18], such a conclusion can be
misleading because the eigenstates of Ht have no direct
physical meaning [24, 25]. Therefore, to prove their exis-
tence, one has to diagonalize the many-body Hamiltonian
within the single-particle/hole subspaces, as done in the
present work.
Our results are achieved for the WSMs with long-
ranged interactions. Some comments on their validity
in the cases of generic interactions are made as follows.
While the single-particle Fermi arcs are shown to be ro-
bust against the long-ranged interactions irrespective of
the single-particle gap opening, their stability may not
hold for generic interactions. Recall that the subspaces
of different momenta are decoupled in the present model
with momentum-local interactions. Such decoupling will
not happen when the momentum-local condition is re-
laxed. Let’s consider a more realistic model such that
the interactions in the two directions perpendicular to
the z axis, along which a pair of Weyl nodes is sepa-
rated, become short-ranged. Therefore, states with dif-
8ferent (kx, ky) get coupled. For such a model, the re-
gion between nodes can still be viewed as a stack of 2D
interacting Chern insulators, if the Hall conductances
of these 2D sectors remain quantized. After imposing
the open boundary conditions, because of the couplings
among states with different momenta along the bound-
aries, the effective model on the edges of these 2D systems
will be described by the Luttinger-liquid theory [27–29].
This theory shows that the quasiparticle edge modes be-
come gapped and the gapless edge modes must consist
of the particle-hole collective excitations. As a conse-
quence, we conclude that, in the generic cases, the single-
particle Fermi arcs can disappear, even though the col-
lective ones remain topologically protected by nonzero
Chern numbers. In addition, we stress that the stability
of the collective Fermi arcs relies only on the topology
in the particle-hole subspace and is irrelevant to the fact
whether the single-particle gaps at the nodes are opened
or not. That is, it is possible to have interacting WSMs
hosting gapped nodes and with collective Fermi arcs on
their surfaces.
Due to distinct characters in the single-particle and
the collective Fermi arcs, one needs to measure differ-
ent physical quantities to determine their existence. For
example, the angle-resolved photoemission spectroscopy,
which measures the single-particle spectrum functions,
can be employed to observe only the single-particle Fermi
arcs. To detect directly the collective Fermi arcs consist-
ing of particle-hole excitations, more delicate arrange-
ments are necessary. Recently, experimental techniques
to reveal the momentum and energy dependent two-
particle correlations are proposed [34]. Due to the ad-
vances in experiments, it may be possible to observe col-
lective Fermi arcs in the near future and then to verify
our conclusions.
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